Gas chromatography (GC) is regarded as an essential separation method for the analysis of volatile compounds, and a wide variety of polymeric liquid-phases have been developed as the stationary phase. 1,2 Various deactivation and polymer-coating processes have been also proposed for the preparation of GC columns with good separation performance and stability. [3] [4] [5] [6] In contrast to the successful applications and subsequent commercialization of these polymer-coated columns, such as wall-coated, support-coated and pellicular-coated, the reports for the fibrous polymer-packed stationary phases, however, have been limited, except for characterizing the surface of the fibers in inverse GC (IGC). 7, 8 In general, the surface characteristics of the fiber have been analyzed with IGC technique by injecting the standard samples into a fiber-packed column and measuring the elution behavior. This characterization method is based on the observation of the specific interactions between the surface of the fibers and the standard solutes injected as the probes. Consequently, it is quite natural that a synthetic fiber can be employed as a separation medium in GC, if the fiber possesses both the thermal stability for the operation at an elevated temperature and the resistance to the gaseous chemical species through the column during the separation.
Introduction
Gas chromatography (GC) is regarded as an essential separation method for the analysis of volatile compounds, and a wide variety of polymeric liquid-phases have been developed as the stationary phase. 1, 2 Various deactivation and polymer-coating processes have been also proposed for the preparation of GC columns with good separation performance and stability. [3] [4] [5] [6] In contrast to the successful applications and subsequent commercialization of these polymer-coated columns, such as wall-coated, support-coated and pellicular-coated, the reports for the fibrous polymer-packed stationary phases, however, have been limited, except for characterizing the surface of the fibers in inverse GC (IGC). 7, 8 In general, the surface characteristics of the fiber have been analyzed with IGC technique by injecting the standard samples into a fiber-packed column and measuring the elution behavior. This characterization method is based on the observation of the specific interactions between the surface of the fibers and the standard solutes injected as the probes. Consequently, it is quite natural that a synthetic fiber can be employed as a separation medium in GC, if the fiber possesses both the thermal stability for the operation at an elevated temperature and the resistance to the gaseous chemical species through the column during the separation.
In terms of the use of fibrous stationary phase in liquid phase separation methods, several applications have been reported. Kiso et al. introduced fibrous cellulose acetate (CA) stationary phase for the separation of alcohols 9 and polycyclic aromatic hydrocarbons (PAHs) 10 in microcolumn LC, and Jinno et al.
reported the application of CA phase in capillary electrochromatography (CEC). 11, 12 Recently, the possibility of the several synthetic fibers as the stationary phase in CEC 13 was also demonstrated. Although the separation efficiency of those columns was still not comparable with those of conventional particle-packed columns such as octadecylsilica (ODS) phase, and moreover, there were several limitations on the mobile phase composition and the packing density, still it has been clearly shown that the packed filaments could play the role as a stationary phase. Saito et al. have also reported the successful applications of fibrous polymeric material as an extraction medium for novel miniaturized sample preparations specially designed for the on-line coupling to microcolumn liquid phase separation methods. [14] [15] [16] [17] [18] [19] [20] [21] [22] On the basis of the above successful applications of fibrous materials as the stationary phase and the extraction medium, fiber-packed fused-silica capillaries have been introduced in our previous study for the separation of volatile compounds in GC. 23 In this work, polymer coating onto the packed-filaments in a capillary was investigated using several conventional polymeric materials as the liquid-phase for capillary GC columns. As the fibrous material, Zylon ® [poly(p-phenylene-2,6-benzobisoxazole)] fiber ( Fig. 1) was employed, taking into account the heat resistance and solvent resistance as the requirements for GC stationary phase at elevated column temperatures. Fig. 1 Chemical structure of Zylon ® fiber.
Experimental

Reagents
All solvents and sample solutes were of analytical grade and were purchased either from Kishida Chemical, Osaka, Japan, or Tokyo Chemical Industries, Tokyo, Japan. The standard sample mixtures were prepared with either heptane or dichloromethane as the sample solvent.
Column preparation
Zylon ® fiber was obtained from Toyobo Co., Ltd., Shiga, Japan. In order to prepare the columns, the fiber was packed longitudinally into fused-silica capillaries of 0.32 and 0.53 mm i.d. (Shinwa Chemical Industries, Ltd., Kyoto, Japan) as described previously. 20, 23 The cross-section SEM photograph of a fiber-packed column is shown in Fig. 2 . The initial length of the columns was 1.0 m and the number of Zylon ® filaments (11.5 µm o.d.) packed in these capillaries is about 170 and 330 for 0.32 mm i.d. and 0.53 mm i.d. columns, respectively. To ensure the reproducible preparation of fiber-packed capillary columns, 23 the total number of packed-filaments was precisely counted before and after the packing process, enabling a good reproducibility of less than 1.0% RSD (n = 5) for the total number of the packed filaments.
For the preparation of coated-fiber packings, the following four polymeric coatings were employed: HR-1, 100%-methylpolysiloxane; HR-52, 5%-phenyl-95%-methyl-polysiloxane; HR-1701, 7%-phenyl-7%-cyanopropyl-86%-methyl-polysiloxane and HR-17, 50%-phenyl-50%-methyl-polysiloxane (Shinwa Chemical Industries). The chemical structures of the polymers are summarized in Fig. 3 . The coating procedure was similar to the preliminary experiments as described below. First, a fiberpacked capillary of 1 m length was connected to the pressureproof vessel containing 10 mL of acetone and washed with the solvent pumped by N2 gas at the pressure of 500 kPa. The suitable number of filaments packed for the preparation of coated-fiber packed capillary was determined by the preliminary experiments. 23 After the same volumes of the following solvents; water, acetone and chloroform, were pumped in the similar manner, the capillary was allowed to dry at room temperature for about 2 h using N2 gas flow. Second, the capillary was subject to heating in a GC oven with the flow of N2 gas. The temperature was programmed from room temperature to 300˚C at 2 deg min -1 and was then held for about 10 h. Next, 5.0% solution of the polymeric coating material in n-hexane/acetone (90/10) containing a cross-linking reagent was pumped through the packed-capillary. After the total volume of the polymer solution (0.5 mL) was pumped, the N2 flow was maintained for more than 5 h. For the cross-linking and chemical bonding reaction, the column was installed in the GC oven again and the programmed heating was carried out as follows: from 40˚C to 280˚C at 0.5 deg min -1 and then hold for more than 48 h to make sure of the complete reaction. The successful polymer-coating treatment was confirmed by the separation of a standard sample containing three n-alkanes; ndodecane, n-tetradecane and n-hexadecane; the RSDs for these retention factors were less than 1.0% for three columns separately prepared.
In order to prepare a column longer than 1.0 m, these columns were connected with capillary column connectors (Shinwa Chemical). The typical pressure drops over the column of 1.0 m length (measured by N2 carrier gas at 50˚C) were about 2.5 -3.0 and 7.0 -10 kPa for the column of 0.53 and 0.32 mm i.d., respectively. Based on the results in preliminary experiments for the basic evaluation of these polymer-coated fiber-packed capillaries, the calculated theoretical plates were typically about 1300 -1500 plates m publications, 23, 25 suggesting a practical possibility for the successful applications of heat-resistant fibers as the support material in packed capillary GC.
GC measurements
A HP 5890-II Gas Chromatograph (Yokogawa Analytical Systems, Musashino, Japan) with a split/splitless injection port and a flame ionization detector (FID) was used for all GC measurements. The sample injection was made with either split-or splitless-mode. The injector and detector temperature was set at 300˚C, and typical injection volume was 1.0 µL unless otherwise specified. He (carrier gas) and air were supplied from the respective gas cylinders through the cartridge packed with molecular sieves. The other separation conditions, such as carrier gas flowrate, column head pressure and temperature programs, were determined by the results of preliminary experiments for each sample. All GC measurements were done at least three times and the RSDs for the retention times were less than 1.0%. The data collection was made with Borwin Chromatography Data Handling Software (Jasco, Tokyo, Japan) running on a personal computer.
For comparison, three DB-1 (100%-methyl-polysiloxane; J&W Scientific, Folsom, CA, USA) capillary columns having different size and film thickness were also employed.
Results and Discussion
The effect of polymeric coating of the packed filaments on the chromatographic retentivity has been evaluated with four different types of commercially available phases. The resulting chromatograms are compared in Fig. 4 and the retention data are summarized in Table 1 , where the contribution of the polymeric coatings can be clearly seen as well as the different retentivity values due to the types of the polymeric materials. In conventional GC separation with open-tubular capillary, nonpolar solutes such as alkanes can be retained longer on a polymeric coating having a lower polarity, as long as other experimental conditions are the same. This is because a more effective interaction with the stationary phase was possible for the solute molecules with a polarity similar to that of the stationary phase. Taking into account the results from previous studies on the extraction power of polar and non-polar solutes with several polymeric coatings having different polarities, 17, 18, 24 the retentivity of the alkanes on HR-1 coated one should be larger than that on the fiber-packed capillaries with other polymeric coatings. However, a larger retention power was observed with HR-52 and HR-1701. The results can be explained by the compatibility of the fiber and the polymeric coating reagent, because it has been confirmed from the previous studies on the extraction and separation performance of Zylon ® fiber that the surface of the fiber is slightly more polar than that of polydimethylsiloxane coating. 13, 18 The data in Table 1 have a good agreement with the above interpretation, although better separation performance could be expected for the separation of alkanes on HR-1 coated column after the optimization of the separation conditions. Figure 5 shows the chromatograms of a standard mixture consisting of four kinds of volatile compounds having different polarities. As can be seen from these chromatograms, the different separation characteristics and even the change of elution order have been observed, clearly indicating the contribution of these polymeric coatings to the separation. The results also suggest that the selectivity for a particular separation can be tuned with those polymeric coatings onto the packed filaments; significant improvements on the retentivity over the non-coated fiber-packed capillary are possible. 20, 23 The retention power of the polymer-coated fiber-packed column has been compared with those of typical open tubular capillary columns as shown in Table 2 0 m) ; the retentions of three alkanes: n-undecane, n-dodecane and ntridecane, have been measured while maintaining the similar linear velocity of the carrier gas at about 20 cm s -1 . For the dead time measurement, the peak of the sample solvent, dichloromethane, was used. The data clearly demonstrate the excellent retentivity of the polymer-coated fiber-packed capillary, allowing a possibility for the practical use of such a short column length. In order to obtain the same retention factor for n-dodecane on open tubular column (HR-1, 0.25 mm i.d., df: 0.25 µm) at 30˚C, one should operate the coated fiberpacked column at higher than 80˚C, if these column lengths are the same. This is an advantageous feature of the polymercoated fiber-packed column for the separation of highly volatile compounds that cannot be retained well on a conventional open tubular column even at close to room temperature.
In Fig. 6 the typical chromatograms of n-alkylbenzenes and nalcohols on a polymer-coated fiber-packed capillary column are illustrated. As described in the experimental section, the column having 2.0 m length was prepared by connecting the two of 1.0 m columns with a capillary column connector. These chromatograms show the successful employment of polymercoated fibrous packing material for the separation of other classes of compounds as well as n-alkanes.
A linear relationship between the carbon number of n-alkyl group in nalkylbenzenes and the logarithmic retention factor was also observed for these compounds. Similar trend was also observed for alkylbenzoates having the carbon number in the n-alkyl chain. These results demonstrate that temperature-programmed separation with these fiber-packed columns will be a powerful tool even for the low-volatile compounds having a higher boiling point.
Typical chromatogram for the homologous alkane mixture is illustrated in Fig. 7 . The separation was carried out on a polymer-coated fiber-packed column prepared with a stainlesssteel capillary of 0.25 mm i.d. × 1.0 m. With the combination of the excellent thermal stability of the fiber 23, 25 and the metal capillary, a good separation was obtained using an appropriate temperature-programmed separation.
Conclusion
Polymer-coated fibrous materials have been introduced as the stationary phase in packed capillary GC. Although the efficiency of the polymer-coated fiber-packed capillary columns should be further improved to be comparable to that of a conventional open-tubular capillary column, and several experimental parameters, such as polymer film thickness on the packed filaments, and an appropriate combination of coating and fiber, should be systematically investigated more, the results in this work suggest the bright possibility of the polymer-coated fibrous materials as the stationary phase in the temperature-programmed separation in GC applications. Taking advantage of the larger retentivity, a shorter column could also be employed. In contrast to the conventional open tubular capillary, the wall effect from the inner surface of the capillary might be significantly reduced by introducing the polymer-coated fibrous materials therein, especially for a shorter capillary length.
The study for more extensive applications of various polymercoated fiber-packed capillaries, including the use as an extraction medium for trace amount of organics in complex sample mixture, [20] [21] [22] [23] [24] [25] [26] [27] [28] is currently underway in our laboratory along with the extensive comparisons of other heat-and 
